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Figure 3.3.  Photos of representative males from each of the eight genotypes used in 
this study.  (a) Poecilia mexicana, PM (b) P. velifera, PV (c) MF1 male; PM ♂ X PV ♀ (d)  
VF1 males; PV ♂ X PM ♀ (e) MBCM male; MF1 ♂ X PM ♀ (f) MBCV males; MF1 ♂ X 
PV ♀ (g) VBCM male; VF1 ♂ X PM ♀ (h) VBCV male; VF1 ♂ X PV ♀. 
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dorsal fin, being longer and taller in the sailfin species than in the shortfin species  

(Table 3.2, Figure 3.4a).  Considerable overlap occurred between all genotypes 

along PC2 but the two parental species differed along this axis (explaining an 

additional 16% of variance) based primarily on the shortfin species having longer, 

taller caudal fins.  The F1 hybrids were intermediate to the two parental species 

and did not differ with respect to direction of the cross (Figure 3.4b), suggesting 

little evidence of Y-linked effects on the inheritance of morphological traits.  The 

backcross genotypes recaptured more of the original variation between the 

species (Table 3.1; Figure 3.4c), again suggesting that additive effects 

contributed most to variation among genotypes in morphological traits.  Size-

adjusted means and variances for each family for each morphological trait can be 

found in Appendix B. 

 

Genetic Analysis of Genotypic Means 

 

 I chose to perform the joint scaling test on those traits that loaded most 

heavily in the principal components analysis for PC1 based on the two parental 

species.  These morphological traits contributed most to species differences 

between sailfin and shortfin mollies.  Five of these morphological differences 

(dorsal fin characters: length of dorsal fin, length of first dorsal fin ray, and 

number of dorsal fin rays, the depth of mid-body, as well as the length of the 

gonopodium), 
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Table.3 2.  Correlation of morphological traits used in the principal components analysis calculated to distinguish 
between the groups of genotypes (parentals, F1s and Backcrosses).  The trait abbreviations in the first column 
correspond to the measurements labeled in Figure 2.  Correlation coefficients of 0.18 are significant (p < 0.05) for 
parentals; correlation coefficients of 0.17 are significant (p < 0.05) for F1s; correlation coefficients of 0.10 are 
significant (p < 0.05) for backcrosses.  All significant values are shown in bold. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Trait   Parentals     
                

F1s       BCs   
 PC1 PC2 PC3 PC1 PC2 PC3 PC4 PC1 PC2 PC3 

LDF -0.862 -0.330 0.224 0.321 0.434 0.372 0.108 -0.443 -0.703 -0.207 
LFFR -0.926 -0.008 -0.081 0.119 -0.776 -0.229 -0.120 -0.628 0.212 -0.570 

LLFR -0.546 0.565 -0.227 0.807 -0.325 -0.190 0.164 -0.919 -0.040 0.118 

DFA -0.874 0.176 0.116 0.890 -0.145 0.152 0.187 0.963 -0.071 -0.061 
PDD 0.844 -0.003 -0.148 -0.838 -0.077 0.201 0.109 0.915 -0.041 0.005 
PAD 0.878 -0.162 0.186 -0.508 -0.233 0.481 0.013 0.797 -0.368 -0.092 

LG 0.653 -0.589 -0.003 -0.720 -0.156 -0.232 0.072 0.833 0.099 0.005 

DMB 0.639 -0.442 0.166 -0.392 -0.058 0.369 -0.161 0.740 0.335 -0.188 

DCP 0.449 -0.110 -0.627 -0.132 0.491 0.137 0.662 0.692 -0.091 0.497 

LCF 0.302 0.169 0.665 -0.186 0.319 -0.668 0.330 0.232 0.809 -0.074 

HCF 0.693 0.598 0.079 0.238 0.666 0.064 -0.448 -0.623 0.488 0.358 

CFA 0.698 0.486 0.199 -0.056 0.622 -0.295 -0.389 0.773 -0.049 0.102 
DFR # -0.916 -0.249 0.174 0.479 0.054 0.373 0.022 -0.551 -0.127 0.474 
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Figure 3.4.  Results of the principal components analysis (PCA) for the parental species 
and hybrid generations.  (a) Parental species, P. mexicana (shortfin) and P. velifera 
(sailfin), (b) F1 generations, MF1 and VF1; (c) Backcross generations, MBCM, MBCV, 
VBCM, and VBCV. 
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are likely to be influenced by sexual selection (Rosenthal & Evans 1998; Kelly et 

al. 2000; Jennions & Kelly 2002; Karino & Matsunaga 2002; MacClaren et 

al.2004; Hankison et al. 2007; Kozak et al. 2008).  Four (caudal fin characters: 

height and length of the caudal fin, as well as body shape characteristics: depth 

of caudal peduncle, and pre-anal distance) are likely to be shaped by natural 

selection (Webb 1982, 1984; ndler 1995; Ghalambor et al. 2003; Langerhans et 

al. 2003; Langerhans & DeWitt 2004; Hankison et al. 2006). 

 Joint scaling uses least-squared regression to fit the best line to all 

classes of phenotypic means (parentals, F1s, and backcrosses).  The fit of the 

models to all nine traits confirmed that a model of no effect was soundly rejected 

in all cases (p < 0.01), providing clear evidence of genetic divergence in all nine 

morphological traits (Table 3.3).  It is apparent from the goodness-of-fit statistics 

that an additive model is best suited to explain the variation seen among the 

genotypic classes (Table 3.4).  Even though there was a large amount of 

variation in most of the traits that cannot be explained by the additive model 

(Table 3.5), it is clear that the addition of the dominance term did not help to 

explain this additional variation (Table 3.4).  It is possible that the unexplained 

variation is due to epistatic interactions in all of the traits except dorsal fin ray 

number, which appears to be a purely additive trait.  Without an F2 generation, I 

cannot test a model of epistasis.  Environmental effects may contribute to the 

high residual variance in these traits as well. 
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Table 3.3.  Parameter estimates (SE) from the joint-scaling tests on the means of 
the nine traits.  The joint-scaling tests were carried out for two genetic models 
additive-plus-dominance and simple additive.  Only estimates for the additive 
model are shown here since no effect of the addition of the dominance term was 
found. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 LDF LFFR FR LG DMB 
µ -0.160 (.12) -0.308 (.04) 11.904 (.26) -0.148 (.46) 0.004 (.07) 
ά 0.163 (.18) 0.103 (.06) 3.645 (.41) -0.035 (.07) -0.021 (.11) 
 PAD DCP LCF HCF  
µ -0.096 (.02) 0.009 (.01) 0.399 (.18) 0.399 (.18)  
ά -0.044 (.03) -0.016 (.02) -0.056 (.27) -0.056 (.27)  
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Table 3.4.  Goodness-of-fit Χ2 test statistic from the joint-scaling tests of nine 
morphological traits.  Two genetic models were tested, a simple additive model 
(A model) and an additive-plus-dominance model (A + D Model).  The Diff 
column shows the difference between the test statistic from the additive model 
and the additive-plus-dominance model.  No values were significant indicating a 
good fit for the additive model and no improvement of fit with the addition of 
dominance to the model. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Character  A Model  A+D 
Model 

Diff  

LDF 0.3214 0.3214 0.00004 
LFFR 0.0376 0.0091 0.02850 
DFR # 1.6659 1.0486 0.61730 
PAD 0.4764 0.4745 0.00190 
LG 0.0506 0.0504 0.00030 
DMB 0.1203 0.1184 0.00190 
DCP 0.0083 0.0078 0.00050 
LCF 0.0024 0.0024 0.00001 
HCF 0.7547 0.7547 0.00001 



  

 106 

Table 3.5.  Percentage of total variance explained by the additive model when fit 
to the means of the nine morphological traits included. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Character 
Percentage of 

variance explained by 
additive model 

Residual 
percentage of 

variance 
LDF 17.15 82.84 
LFFR 41.25 14.82 
DFR # 95.22 03.01 
PAD 01.48 98.12 
LG 05.68 93.81 
DMB 00.89 99.11 
DCP 37.33 58.77 
LCF 20.08 79.49 
HCF 01.03 89.97 
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Associations between Morphology and Behavior 

 

 There were distinct differences among the genotypes with respect to their 

behavioral profiles, such that those individuals with a higher proportion of sailfin 

autosomes (PV, MBCV, and VBCV) had higher courtship display rates and lower 

rates of gonopodial thrusting (see Chapter 2).  I found that of the five 

morphological traits included in the regression analyses on courtship display 

rates (length of dorsal fin, length of first dorsal fin ray, dorsal fin ray number, 

depth at mid-body, and length of gonopodium), only three of them explained over 

15% of the variance observed (Table 3.6).  None of the traits included in 

regression analyses on gonopodial thrusting rates explained more than 5% of the 

variance observed (Table 3.6). 

 The two morphological traits predicted to influence courtship display rates, 

dorsal fin length and gonopodium length, had opposite effects.  The length of the 

dorsal fin was significantly positively associated with courtship display rates (Fig. 

3.5a) and this association was the same regardless of Y-chromosome 

contribution (Fig. 3.5b and c).  In contrast, gonopodium length was significantly 

negatively associated with courtship display rate (Fig. 3.6a) and this association 

did not differ between Y-chromosome lines (Fig. 3.6b and c).  Length of the 

gonopodium did, however, explain more of the variation in courtship display rate 

among males from the sailfin Y-chromosome line (~23%) than among males from 

the shortfin Y-chromosome line (~10%). 
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Table 3.6.  Linear regressions between five morphological traits (LDF, LFFR, 
DFR #, DMB, LG) and two male mating behaviors (display rate and thrust rate) 
according to the model log (behavior rate + 0.05) = slope (size-adjusted trait) + c. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Display   Thrust  
 slope R2 p-value slope R2 p-value 
LDF 1.711 0.238 < .0001 -0.646 0.043 < .0001 
LFFR -0.514 0.004 0.0160 -0.631 0.008 0.0540 
DFR # 0.086 0.050 < .0001 -0.025 0.006 0.1180 
DMB 2.682 0.186 < .0001 -0.953 0.030 0.0002 
LG -3.744 0.196 < .0001 1.476 0.039 < .0001 
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Figure 3.5.  Regression of courtship display rate on size-adjusted dorsal fin length (a) 
Both Y-chromosome lines combined; (b) Shortfin Y-chromosome line; (c) Sailfin Y-
chromosome line. 
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Figure 3.6.  Regression of courtship display rate on size-adjusted gonopodium length (a) 
Both Y-chromosome lines combined; (b) Shortfin Y-chromosome line; (c) Sailfin Y-
chromosome line. 
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Morphological traits had much less of an influence on rates of gonopodial 

thrusting (Table 3.6).  Length of the dorsal fin was significantly negatively 

associated with gonopodial thrust rate (Fig. 3.7a) and this association did not 

differ between the Y-chromosome lines (Fig. 3.7b and c).  Gonopodium length 

was significantly positively associated with gonopodial thrust rate (Fig. 3.8a), 

again, regardless of Y-chromosome line (Fig. 3.8b and c). 

 I used 2 x 2 contingency analyses to test the influence of dorsal fin length 

and gonopodium length on the propensity of males to be ‘displayers’ or 

‘thrusters.’  For each of the morphological characters, I divided males into long (> 

mean) or short (< mean).  I divided males into two categories based on 

behavioral rates: ‘displayers’ (performed one or more courtship displays) vs. 

‘non-displayers’ (performed no courtship displays) or ‘thrusters’ (performed one 

or more gonopodial thrusts) vs. ‘non-thrusters’ (performed no gonopodial 

thrusts).  Based upon these contingencies, it was evident that males with long 

dorsal fins were almost twice as likely to be displayers (X2 = 62.81, p < 0.0001; 

Figure 3.9a).  The opposite pattern was seen for the length of the gonopodium.  

Males with short gonopodia were nearly twice as likely to be displayers than 

those with long gonopodia (X2 =50.40, p < 0.0001; Figure 3.9b). 

 Although to a much weaker extent, length of the dorsal fin and length of 

the gonopodium influenced the likelihood that a male was a thruster as well.  

Males with short dorsal fins were about 10% more likely to thrust than males  
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Figure 3.7.  Regression of gonopodial thrust rate on size-adjusted dorsal fin length.  (a) 
Both Y-chromosome lines combined (b) Shortfin Y-chromosome line; (c) Sailfin Y-
chromosome line. 
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Figure 3.8.  Regression of gonopodial thrust rate on size-adjusted gonopodium length.  
(a) Both Y-chromosome lines combined; (b) Shortfin Y-chromosome line; (c) Sailfin Y-
chromosome line. 
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Figure 3.9.  Frequency plots showing the percentage of displayers and non-displayers 
based on the size class of the morphological trait.  (a) proportion of displayers based on 
the length of the dorsal fin; (b) proportion of displayers based on the length of the 
gonopodium. 
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with long dorsal fins (X2 =15.05, p = <.0001; Figure 3.10a).  Males with a long 

gonopodium were about 15% more likely to thrust than males with a short 

gonopodium (X2 =12.43, p = 0.0004; Figure 3.10b). 

 

Discussion 

 

Inheritance of Species Differences in Morphology 

 

Sailfin mollies differ from shortfin mollies in morphological traits associated 

with mating signals (dorsal fin size and gonopodium length) and potentially, 

swimming performance (caudal fin size).  The pattern of inheritance of 

morphology for these species differences appears to be one of polygenic additive 

inheritance, although epistatic interactions may explain, in part, the large amount 

of residual variance observed in many of these morphological traits. 

All of the traits analyzed using joint-scaling techniques fit best to an 

additive model.  However, the number of dorsal fin rays was the only trait where 

more than 90% of the total variance was explained by additivity.  The additive 

model explained no more than 50% of the total variance for all of the additional 

traits, and less than 10% of the total variance for pre-anal distance, length of the 

gonopodium, depth at mid-body, and height of the caudal fin. 

Even though the additive model did not explain a majority of the variance 

seen in most of the traits, the addition of the dominance term did not significantly 
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Figure 3.10.  Frequency plots showing the percentage of thrusters and non-thrusters 
based on the size class of the morphological trait.  (a) proportion of thrusters based on 
the length of the dorsal fin; (b) proportion of thrusters based on the length of the 
gonopodium. 
 

 

 



  

 117 

improve the model’s fit, thus, it is unlikely that dominance played a strong role in 

the divergence of sailfin from shortfin mollies in these morphological features.  

The lack of dominance is not necessarily surprising, given that dominance and 

epistasis tend to play larger roles in life-history traits, as opposed to 

morphological traits (Roff & Emerson 2006).  However, given the small 

percentage of variance explained by the simple additive model, it is likely that 

there are additional factors involved in the inheritance of the morphological traits 

examined in this study that were not captured by the models tested.  Often line 

cross-analyses are based on very few replicate lines, though each may contain 

many individuals.  Consequently, a different set of parental lines could give quite 

different estimates (Hatfield 1997).  Unfortunately, our analyses suffered from 

this common design limitation, only two to six families were raised for each type 

of hybrid genotype (Appendix B).  Given that time to maturity for many of the 

hybrid males included in our study takes more than 18 months, I was forced to 

limit the number of families in each of the genotypes.  Increasing family number 

would likely improve our estimates of additive effects or dominance contributions 

to these morphological traits. 

 

Associations between Courtship Display Rates and Morphology 

 

Size of sexually selected morphological traits appears to be a strong 

predictor of rates of courtship display.  Positive associations occurred between 
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the length of the dorsal fin, dorsal fin ray number, and the depth of a male at mid-

body and courtship display rates.  This was particularly true for males with long 

dorsal fins, which were almost twice as likely to display as males with short 

dorsal fins.  Such a positive relationship between morphological size and rates of 

courtship displays is suggested by the contribution of these morphological traits 

to increased lateral projection area of a male (MacLaren et al. 2004; Kozak et al. 

2008).  An increase in the rate of courtship displays would allow males to draw 

attention to their large lateral projection area, which has been shown to be a 

target of female mating preferences in a variety of poeciliid fishes (Rosenthal & 

Evans 1998; Karino & Matsunaga 2002; MacClaren et al. 2004; Kozak et al. 

2008). 

Correlations between morphological traits that increase male size and 

increased courtship display rates may be explained by linkage between behavior 

genes and body or fin size genes.  For example, in the swordtail, Xiphophorus 

nigrensis, Zimmerer and Kallman (1989) found that males that were larger in size 

displayed to females more frequently than small males, and thus, demonstrated 

a relationship between the inheritance of male size and courtship behavior in this 

species.  Known male size at maturity alleles at the Y-chromosome linked P 

locus were postulated to be linked to genes for courtship behavior on the Y 

chromosome as well (Zimmerer and Kallman 1989).  Indeed Y-linked effects on 

courtship display rates have been found in guppies (P. reticulata, Farr 1983) and 

in the sailfin mollies, P. latipinna (Ptacek 2002) and P. velifera (Chapter 2).  
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However, the Xiphophorus study (Zimmerer and Kallman 1989) did not examine 

the relationship between the inheritance of additional morphological traits (such 

as length of the caudal extension or sword) and presence or absence of 

courtship behavior. 

I also found a negative relationship between length of the gonopodium 

and the likelihood of a male displaying to a female.  This result may reflect the 

primary difference in the mating systems between sailfin and shortfin mollies.  

Shortfin males rely on forced insemination and have longer gonopodia.  This 

relationship may have evolved to compensate for the lack of female cooperation 

in their mating system (Farr 1989).  Rosen and Tucker (1961) found that in most 

species of poeciliid fish where males do not rely on female cooperation in mating, 

gonopodium length was, on average, longer than for species where male 

courtship and female cooperation have evolved.  They suggested that, as a 

result, the increase in the length of the gonopodium allows males to better 

visualize the position of a female’s gonopore in relation to his own gonopodium, 

thus, giving him better control and maneuverability when the female shifts 

position before insemination actually occurs.  In those species possessing 

shorter gonopodia, Rosen and Tucker (1961) found that males often used visual 

displays that would result in the female holding a position and allowing 

insemination to occur, so males from species that perform courtship displays do 

not need to maneuver once they are positioned to inseminate the female.  Thus, 

they hypothesize the switch to a mating system of cooperation relaxed the need 
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for a long gonopodium.  My results for males of P. velifera and their hybrids may 

reflect a similar trade off in gonopodium length and its influence on a mating 

repertoire of primarily courting versus one of primarily thrusting. 

 

Associations between Gonopodial Thrusting Rates and Morphology 

 

 Overall, morphological traits contributed little to variation among males in 

rates of gonopodial thrusting.  There was a general trend of increased length of 

the gonopodium associated with an increase in gonopodial thrusting rate, but the 

amount of variation explained by the regression was only about 4%.  I examined 

whether there was a more direct relationship between the length of the 

gonopodium and the frequency of thrusting behavior, and indeed found a 

significant relationship between the length of a males’ gonopodium and his 

tendency to thrust.  This result suggests that males with a long gonopodium are 

more likely to be ‘thrusters’ than males with a short gonopodium.  This is not 

surprising, given that gonopodium length is longer in shortfin mollies than in most 

sailfin species (Ptacek 1998, 2002; Hankison et al. 2006), and shortfins rely on 

forced insemination via gonopodial thrusting (Farr 1989; Ptacek 1998).  As a 

result of this lack of female cooperation in the shortfin mating system, males 

must be able to maneuver during thrusting attempts in order to successfully 

inseminate a female that is often swimming away.  This is, again, consistent with 

Rosen and Tucker’s (1961) observation that poeciliid species that do not rely on 
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female cooperation in their mating system have, in general, longer gonopodia 

than those species with female choice. 

 There was also a negative relationship between the length of the dorsal fin 

and the rate of gonopodial thrusting.  This suggests that males with smaller 

lateral projection areas are more likely to switch from courting to thrusting.  Such 

an influence of size of the dorsal fin on mating behaviors has been argued to 

explain the alternative mating strategies exhibited by large and small males in P. 

velifera, where small males perform only gonopodial thrusts while larger males 

use thrusts and courtship displays (Hankison and Ptacek 2007). 

 

Conclusions 

 

My study suggests that covariation does occur between certain 

morphological features and behavioral components of the mating signal in sailfin 

mollies.  Size of the dorsal fin (sailfin) and length of the gonopodium are strongly 

associated with Y-linked male size at maturity within sailfin species; larger males 

have disproportionately larger sailfins and shorter gonopodia in several sailfin 

species (Ptacek 2002; Hankison and Ptacek 2006).  Male size is also 

phenotypically correlated with rates of mating behaviors; larger males perform 

higher rates of courtship displays and lower rates of gonopodial thrusts (Farr et 

al. 1986; Ptacek and Travis 1996; Hankison and Ptacek 2007).  Since both larger 

sailfin size and higher courtship display rates are strongly phenotypically 
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correlated with male size at maturity, it is not surprising that these two very 

different components of the courtship signal show the strong associations evident 

in this study.  The further contribution of additive interactions between alleles at 

multiple loci influencing the inheritance of dorsal fin size (this study) and the 

influence of additive autosomal modifiers on rates of courtship displays (Chapter 

2) suggest that a similar genetic basis to the expression of these traits may 

contribute to their correlated expression.  Results of my study argue strongly that 

divergence and speciation in sailfin mollies from shortfin ancestors (Ptacek and 

Breden 1998) involved changes in both the size of the dorsal fin and a switch 

from forced insemination to cooperative mating using courtship displays.  Sexual 

selection through female mating preferences for larger, displaying males likely 

accounts for the positive covariation between morphological features of the molly 

mating signal and courtship display behavior and has contributed to speciation in 

the sailfin molly lineage. 
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Appendix A.  Means (± S.E.), sample size, and ranges for standard length and the rates of three mating behaviors by family. 

Cross/ 
Sire Cross Type Dam N Mean SL Range 

Mean 
Display Mean Thrust Mean Nibble 

22/- MF1 Vel 28 38.37±2.38 22-60 4.71±0.64 7.71±1.61 20.07±3.52 

23/- MF1 Vel 10 35.99±2.98 24-54 2.90±1.35 6.55±4.90 11.10±6.11 

26/- MF1 Vel 8 34.13±0.72 31-37 0.81±0.30 15.00±3.21 13.50±2.60 

17/- VF1 Mex 34 54.67±1.59 30-67 8.53±1.13 5.88±1.27 14.60±2.32 

19/- VF1 Mex 24 50.14±1.68 30-63 8.38±2.13 5.65±1.76 13.27±3.13 

22/28 MBCM Mex 25 28.04±0.89 20-35 1.44±0.32 34.16±5.84 43.18±6.23 

22/30 MBCM Mex 6 38.50±4.24 26-51 0 0.17±0.11 1.83±0.11 

22/35 MBCM Mex 1 30  0 1 3 

23/13 MBCM Mex 12 39.25±3.26 26-58 0 1.17±0.11 3.17±0.18 

23/14 MBCM Mex 18 33.78±1.24 24-42 0 2.42±0.09 6.50±0.36 
26/1 MBCM Mex 16 24.19±1.53 16-40 0 4.81±0.33 13.47±0.95 

26/2 MBCM Mex 20 30.60±1.57 19-43 0.03±0.03 13.55±1.26 26.13±1.02 

22/28 MBCV Vel 20 38.65±2.47 23-64 1.60±0.41 11.40±3.42 19.13±3.94 

22/30 MBCV Vel 20 41.50±1.97 28-62 1.00±0.33 6.55±1.82 14.40±3.10 

22/35 MBCV Vel 5 37.80±6.21 23-59 5.80±4.50 30.00±21.28 29.50±12.21 

23/13 MBCV Vel 1 21  0 2 5 

23/14 MBCV Vel 15 36.93±1.58 24-46 1.17±0.34 8.83±2.33 18.33±3.47 

26/1 MBCV Vel 18 31.56±1.44 19-39 0.23±0.10 3.53±0.52 11.00±1.33 

26/2 MBCV Vel 12 28.75±1.40 22-34 1.13±1.13 7.96±5.01 13.25±3.59 

17/19 VBCM Mex 3 42.00±7.21 28-52 0.50±0.50 16.83±16.83 18.17±16.92 

17/35 VBCM Mex 18 38.72±1.75 25-53 0.58±0.23 12.89±5.03 22.06±8.39 

19/11 VBCM Mex 9 36.56±3.17 21-49 0.17±0.08 7.22±1.29 11.78±2.06 

19/16 VBCM Mex 16 39.50±1.40 30-51 0.28±0.10 13.25±2.78 19.88±3.60 
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Appendix A. cont. 

Cross/ 
Sire Cross Type Dam N Mean SL Range 

Mean 
Display Mean Thrust 

Mean 
Nibble 

19/8 VBCM Mex 22 32.77±2.27 17-54 0.55±0.19 14.36±4.14 22.73±6.52 

17/18 VBCV Vel 15 39.67±2.38 24-55 1.37±0.35 4.07±1.06 9.10±1.80 

17/19 VBCV Vel 13 37.55±3.06 23-54 5.96±2.95 12.81±5.67 18.69±6.42 

17/35 VBCV Vel 13 38.67±4.80 21-58 2.73±0.81 7.92±2.16 14.96±3.23 

19/11 VBCV Vel 28 33.93±1.16 23-56 5.21±1.51 10.54±2.33 19.09±3.51 

19/16 VBCV Vel 20 39.21±2.03 24-60 1.35±0.45 4.40±1.06 10.63±1.92 

19/8 VBCV Vel 8 32.63±3.41 20-45 3.19±2.77 5.38±3.77 11.56±6.85 
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Appendix B.  Size-adjusted character means and variances for the hybrid families.  All traits except for fin ray number have 
been corrected for size. 
   LDF LFFR LLFR DFA PDD PAD 
F1 Cross/ 

Sire n Gen AVG VAR AVG VAR AVG VAR AVG VAR AVG VAR AVG VAR 
17/- 33 VF1 -0.004 0.001 -0.360 0.004 -0.207 0.007 -0.045 0.002 0.280 0.001 0.326 0.002 
19/- 24 VF1 0.010 0.001 -0.366 0.004 -0.138 0.004 -0.021 0.003 0.239 0.001 0.276 0.001 
22/- 28 MF1 0.013 0.002 -0.382 0.007 -0.256 0.006 -0.100 0.003 0.301 0.001 0.331 0.002 
23/- 11 MF1 -0.008 0.003 -0.343 0.003 -0.219 0.005 -0.066 0.005 0.286 0.002 0.277 0.001 
26/- 37 MF1 -0.013 0.001 -0.417 0.004 -0.226 0.004 -0.057 0.001 0.294 0.002 0.329 0.005 
17/19 5 VBCM -0.547 0.005 -0.403 0.012 0.680 0.030 -0.484 0.010 0.178 0.002 -0.347 0.010 
17/35 18 VBCM -0.473 0.004 -0.354 0.007 0.637 0.031 -0.470 0.006 0.183 0.002 -0.278 0.007 
19/8 24 VBCM -0.541 0.008 -0.355 0.013 0.572 0.049 -0.403 0.009 0.206 0.002 -0.226 0.013 
19/11 8 VBCM -0.554 0.009 -0.273 0.008 0.682 0.042 -0.502 0.009 0.166 0.002 -0.337 0.011 
19/16 40 VBCM -0.508 0.008 -0.289 0.007 0.644 0.043 -0.454 0.006 0.181 0.003 -0.262 0.009 
17/18 13 VBCV -0.407 0.015 -0.325 0.007 0.883 0.085 -0.551 0.017 0.138 0.005 -0.333 0.014 
17/19 13 VBCV -0.451 0.012 -0.302 0.006 0.861 0.099 -0.532 0.017 0.138 0.003 -0.321 0.015 
17/35 13 VBCV -0.362 0.019 -0.341 0.026 0.834 0.161 -0.531 0.038 0.151 0.008 -0.342 0.032 
19/8 4 VBCV -0.468 0.015 -0.307 0.016 0.900 0.133 -0.478 0.013 0.192 0.006 -0.329 0.023 
19/11 26 VBCV -0.459 0.008 -0.372 0.012 0.812 0.027 -0.500 0.005 0.151 0.002 -0.274 0.005 
19/16 18 VBCV -0.476 0.016 -0.281 0.013 0.949 0.066 -0.565 0.014 0.121 0.004 -0.428 0.016 
22/28 28 MBCM -0.571 0.016 -0.422 0.009 0.482 0.022 -0.373 0.006 0.221 0.001 -0.252 0.008 
22/13 1 MBCM -0.604 N/A -0.372 N/A 0.494 N/A -0.378 N/A 0.230 N/A -0.252 N/A 
23/13 14 MBCM -0.454 0.005 -0.264 0.011 0.732 0.068 -0.506 0.010 0.131 0.001 -0.293 0.011 
23/14 20 MBCM -0.499 0.005 -0.315 0.005 0.575 0.040 -0.451 0.010 0.204 0.002 -0.239 0.026 
26/1 16 MBCM -0.588 0.004 -0.374 0.006 0.451 0.034 -0.374 0.005 0.214 0.001 -0.249 0.021 
22/2 24 MBCM -0.555 0.012 -0.336 0.005 0.561 0.023 -0.413 0.004 0.197 0.001 -0.288 0.009 
22/28 14 MBCV -0.506 0.007 -0.458 0.028 0.726 0.053 -0.451 0.010 0.197 0.002 -0.280 0.011 
22/30 18 MBCV -0.339 0.013 -0.261 0.015 0.896 0.063 -0.577 0.015 0.105 0.006 -0.370 0.008 
22/35 4 MBCV -0.404 0.006 -0.474 0.007 0.782 0.115 -0.471 0.016 0.182 0.002 -0.268 0.010 
23/14 14 MBCV -0.447 0.010 -0.442 0.012 0.878 0.039 -0.525 0.006 0.163 0.004 -0.346 0.009 
26/1 18 MBCV -0.619 0.007 -0.332 0.006 0.734 0.042 -0.458 0.008 0.187 0.002 -0.330 0.004 
26/2 12 MBCV -0.560 0.007 -0.263 0.006 0.730 0.027 -0.417 0.003 0.207 0.002 -0.338 0.006 
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Appendix B Cont. 
 LG DMB DCP LCF HCF CFA DFR # 
F1 Cross/ 

Sire AVG VAR AVG VAR AVG VAR AVG VAR AVG VAR AVG VAR AVG VAR 
17/- -0.248 0.002 0.134 0.001 -0.066 0.000 -0.011 0.000 0.160 0.003 0.041 0.000 11.697 0.280 
19/- -0.255 0.002 0.102 0.000 -0.053 0.000 0.007 0.001 0.154 0.001 0.045 0.001 12.000 0.435 
22/- -0.146 0.005 0.123 0.001 -0.069 0.001 0.007 0.001 0.145 0.014 0.034 0.001 11.571 0.921 
23/- -0.170 0.004 0.109 0.000 -0.061 0.000 0.000 0.001 0.149 0.002 0.045 0.001 11.818 0.364 
26/- -0.146 0.004 0.126 0.001 -0.047 0.003 -0.009 0.002 0.139 0.004 0.027 0.006 11.944 0.854 
17/19 -0.008 0.002 -0.178 0.003 -0.140 0.002 0.074 0.003 1.017 0.017 0.158 0.002 8.400 2.800 
17/35 -0.021 0.001 -0.200 0.001 -0.164 0.003 0.048 0.006 0.940 0.008 0.152 0.001 9.444 1.085 
19/8 -0.006 0.002 -0.186 0.001 -0.106 0.004 0.010 0.004 0.861 0.018 0.174 0.001 9.478 1.806 
19/11 -0.024 0.001 -0.178 0.001 -0.153 0.004 0.063 0.002 0.958 0.008 0.152 0.001 9.875 3.554 
19/16 -0.016 0.002 -0.184 0.002 -0.155 0.004 0.044 0.003 0.903 0.011 0.139 0.003 8.925 1.251 
17/18 -0.054 0.003 -0.233 0.004 -0.173 0.003 -0.005 0.005 0.937 0.009 0.123 0.004 13.385 3.423 
17/19 -0.066 0.002 -0.233 0.002 -0.159 0.003 0.021 0.002 0.926 0.012 0.118 0.003 13.077 2.077 
17/35 -0.042 0.005 -0.226 0.003 -0.163 0.011 -0.001 0.003 0.889 0.021 0.134 0.007 12.692 5.064 
19/8 -0.006 0.004 -0.174 0.001 -0.241 0.038 -0.015 0.011 0.778 0.068 0.147 0.011 12.500 1.000 
19/11 -0.040 0.001 -0.216 0.001 -0.118 0.002 -0.016 0.004 0.888 0.005 0.145 0.001 12.846 2.135 
19/16 -0.040 0.004 -0.197 0.003 -0.213 0.003 0.047 0.004 0.953 0.012 0.129 0.006 13.000 4.706 
22/28 0.003 0.001 -0.169 0.001 -0.050 0.001 0.037 0.002 0.919 0.014 0.177 0.007 9.393 2.618 
22/13 0.011 N/A -0.199 N/A -0.081 N/A 0.069 N/A 0.905 N/A 0.178 N/A 7.000 N/A 
23/13 -0.050 0.002 -0.198 0.001 -0.170 0.003 0.042 0.002 0.925 0.014 0.113 0.002 10.857 2.901 
23/14 -0.007 0.001 -0.172 0.001 -0.157 0.005 0.063 0.002 0.870 0.029 0.129 0.010 9.579 2.702 
26/1 0.017 0.001 -0.138 0.001 -0.112 0.003 0.109 0.002 0.853 0.011 0.191 0.000 10.067 2.924 
22/2 -0.021 0.004 -0.171 0.001 -0.123 0.002 0.090 0.001 0.891 0.011 0.169 0.001 9.348 0.783 
22/28 -0.015 0.001 -0.199 0.001 -0.116 0.002 0.004 0.002 0.917 0.006 0.180 0.001 13.154 2.808 
22/30 -0.067 0.003 -0.215 0.002 -0.202 0.002 0.015 0.004 0.919 0.005 0.097 0.005 13.500 2.533 
22/35 -0.023 0.003 -0.218 0.002 -0.112 0.004 -0.024 0.000 0.870 0.013 0.158 0.003 13.000 3.000 
23/14 -0.011 0.003 -0.206 0.002 -0.145 0.001 -0.002 0.002 0.931 0.005 0.151 0.002 13.308 3.231 
26/1 -0.013 0.001 -0.184 0.001 -0.137 0.004 0.088 0.002 0.900 0.006 0.165 0.001 12.944 4.644 
26/2 0.006 0.002 -0.181 0.001 -0.161 0.003 0.066 0.009 0.723 0.073 0.190 0.001 13.500 1.364 
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